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“High Energy Density Physics” 
with Short Pulse Lasers

• HEDP is defined as matter under pressure >1Mbar 

• Laser intensity 1022 Wcm-2 corresponds to 
radiation pressure of 1012 Bar! 

• Generate MeV “temperature” at solid density over 
small volume - very high energy density 

• Rapid delivery of energy leads to extremely far-
from equilibrium distributions



Frontiers in High Field Physics

• How does matter behave in extreme electromagnetic 
fields? (Analogues with Condensed Matter Physics) 

• Can lasers and plasmas enable high energy physics 
and next generation particle sources on a tabletop? 

• Can we better understand the physics of neutron star 
atmospheres, relativistic astrophysical jets, gamma 
ray bursts and supernovae? 

• Can we “boil” the vacuum?



High field science facilities 
worldwide

Texas 
Petawatt

BELLA

HERCULES

SCARLETT

Technology Peak Power Pulse duration
HERCULES Ti:Sapph 300 TW 30 fs

BELLA Ti:Sapph 1.3 PW 30 fs
SCARLETT Ti:Sapph 400 TW 30 fs

Texas Petawatt Glass 1.1 PW 170 fs
MEC at LCLS Ti:Sapph 100 TW 30 fs

ILE Apollon 
(10 PW)

MEC
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Physical Parameters for 
High Field Physics 

• Classical nonlinearity parameter

• Quantum nonlinearity parameters

�e =
||Fµ⌫v⌫ ||

Ecr
=

Amplitude of E in e rest frame

Ecr

=

Amplitude of E in e+e� center of mass

Ecr
�� =

||Fµ⌫~k⌫ ||
meEcr

a =

1

2⇡

eE�

mcc2
=

Quiver energy of electron

mec2



Other relations
• “Keldysh” adiabaticity parameter  

• Average number of photons per laser cycle N~! / a20

• Critical field eEc�̄C = mec
2

• QED Lagrangian L =  
�
i~D̄ �mc

�
 � 1

4
Fµ⌫F

µ⌫

l ! l/�̄C A ! eA/mc E ! eE~/m2c2

� � ⇥

⇥t
=

m c⇥

e E � 1
a0



Strong field QED processes

pµ

p'µ

kµ

Figure 2: First order diagrams: an electron radiating a photon – synchrotron radiation (left)&
a photon producing an electron positron pair – muliphoton Breit-Wheeler pair production
(right).

muliphoton Breit-Wheeler pair production2. The double lines in figure 2 are
the basis dressed-states. These are energy eigenstates whose momenta evolve
according to the classical Lorentz force law with the local values of the classical
fields.

The weak field approximaiton allows us to calculate the rates of the proceses
in figure 2 in any convenient classical field configuration with f, g = 0. The rates
for constant crossed fields have revieved extensive treatment in the literature
[? ? ] and as such we will use these. The rate of production of synchrotron
photons by an electron with energy �mec

2 depends on the Lorentz invariant
parameter ⌘ and is given by

dN�

dt
=

p
3↵fc

�c

⌘

�
h(⌘) = ��(⌘) (1)

h(⌘) =

Z ⌘/2

0

d�
F (⌘,�)

�
(2)

Here �c is the Compton wavelength, the use of the symbol �� to represent the
rate will simplify the equations derived in section ??. F (⌘, chi) is the quantum-
corrected synchrotron spectrum (⌘3 is that for the emitting electron, � is that for
the emitted photon) and can be obtained from the classical synchrtron spectrum
by including electron-recoil during the emission [? ]. The rate is spin-averaged.
The instantaneous power radiated is P = (4⇡mec

2/3⌧c)↵f⌘
2g(⌘) = Pclassg(⌘).

Pclass is the classical synchrotron power and so g(⌘) is the quantum correction
to the radiated power. g(⌘) = (3

p
3/2⇡⌘2)

R
d�F (⌘,�)is plotted in figure 3(a).

2Two other first order processes exist: pair annihilation and photon absorption. The
cross secitons for these processes are small as the particles involved are highly relativistic.
In addition a second order process – Trident pair production – can play a role, but for high
intensity laser-plasma interaciotns is usually unimportant.

3Look-up tables for F (⌘, chi), as well as the other important functions controllign the QED
emission processes – g(⌘), h(⌘), T±(�) – are provided in the online supplementary material
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Decay of photon to (dressed) pair 

Multiphoton Breit-Wheeler



Radiation Reaction

• The emission of large numbers (a>>1) of low energy 
(chi<1) photons results in effective force on particle

Rohrlich PRE 2008

• Lorentz-Abraham-Dirac; Landau-Lifshitz; … 



Radiation reaction is a fundamental 
unsolved problem in both classical and 

quantum electrodynamics 

• Many semi-classical prescriptions: Lorentz-
Abraham-Dirac; Landau-Lifshitz; …  

• Relative strength of radiation reaction 
force (compared with EM force)

• Classical radiation reaction regime: 

• Quantum radiation reaction regime:
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Bremsstrahlung 
emission

Multiphoton Breit-
Wheeler

• Rates strongly depend on χe, χγ 

- pair production probability for small χγ

- gamma emission probability for small χγ
P / �e

electron-positron 
pair cascade

P / �� exp

✓
� 2

3��

◆



“QED-plasma” state

Relativistic plasma physics

QED processes (pair 
production, radiation friction)

Radiation reaction affects electron 
motion, pair production affects 

macroscopic EM fields

EM fields resulting from particle 
dynamics affect production rates

Coupling between relativistic plasma 
dynamics and QED particle interactions 



QED-plasma PIC codes
• …Extend the Vlasov-Maxwell system to 

include the synchrotron radiation and pair 
production                   

• [C. S. Brady and T. D. Arber, Plasma 
Phys. Controlled Fusion 53, 015001 
(2011)] 

• QED effects are included using Monte Carlo 
method using Strong Field QED formalism  

• [R. Duclous, J. G. Kirk, and A. R. Bell, 
Plasma Phys. Controlled Fusion 53, 
015009 (2011)] 

• -> EPOCH code 
• Many other implementations (e.g. 

I. Sokolov, H. Ruhl, OSIRIS 3.0, UCLA/IST… 
etc.)

  

QED-PIC Codes

Update QED 
rate equations

Generate 
photon/pair

Push particles

Update E & B 

E & B

Particle 
energies

Add particles 
to PIC code

QED-PIC code

Generate 
photon/pair?

YES

NO

Monte-Carlo 
emission 
algorithm

CurrentE & B

• EPOCH: Modified standard 
particle-in-cell algorithm to 
include Monte-Carlo QED 
interactions

  

C. P. Ridgers1, C. S. Brady2, 
T. Blackburn1, T.D. Arber2,
J.G. Kirk3 R.Duclous4,
& A.R. Bell1

1. University of Oxford
2. University of Warwick
3. Max-Planck Institute for
Nuclear Physics
4. CEA, Arpajon

Exploring QED-Plasmas with High-

Intensity Lasers 

  

C. P. Ridgers1, C. S. Brady2, 
T. Blackburn1, T.D. Arber2,
J.G. Kirk3 R.Duclous4,
& A.R. Bell1

1. University of Oxford
2. University of Warwick
3. Max-Planck Institute for
Nuclear Physics
4. CEA, Arpajon

Exploring QED-Plasmas with High-

Intensity Lasers 



Exploring this new physics regime

  

10PW laser incident on solid Al target.....
 

 

Linear polarisation
I=4x1023Wcm-2

Pulse length 30fs 
Energy = 400J  

Target:
Al – density 2700kgm-3

Thickness 1µm 

Assume fully ionised

Laser: 

C.P. Ridgers, et al, PRL, 108, 165006 (2012)

QED-PIC Simulation Results: 
Radiation Dominated Regime

C.P. Ridgers, et al, PRL, 108, 165006 
(2012) 

Intense gamma ray sources

  

QED → Plasma Physics: Ion 
Energy

FEEDBACK

QED processes

Classical Plasma 
Physics

 

 

Laser

Ions

SolidVacuum

γ-ray

emission

Laser

Ions

SolidVacuum

Without QED

With QED

C.P. Ridgers, et al, Phys. Plas., 20, 056701 (2013)
M. Tamburini et al, New J Phys, 12, 123005 (2010) 

C.P. Ridgers, et al, Phys. Plas., 20, 056701 (2013) 
M. Tamburini et al, New J Phys, 12, 123005 (2010) 

Effects on ion acceleration
Many others…. 
Bell and Kirk PRL 2008
Fedotov et al PRL 2010  
Bulanov et al PRL 2010
Sokolov PRL 2010
Nerush et al PRL 2011
Brady et al PRL 2011
Bulanov et al Phys Plasm. 2012 
and more….

  

Plasma Physics → QED

Absorption theory → laser absorption varies with 
intensity and target density

Highest absorption 
at ~0.5 relativistic 
critical

C.S. Brady, et al, Phys. Plas., 21, 033108 (2014)
L.L. Ji, et al, Phys. Plas., 23, 023109 (2014) 

Absorption

L.L. Ji, et al, Phys. Plas., 23, 023109 (2014)

Zhang et al, New J. Phys. (2015)

T. Blackburn et al, PRL (2014)
M. Vranic et al, PRL 113, 1348001(2014)

after laser 
I=1021 Wcm-2

after laser I=4x1021 
Wcm-2

initial   
spectrum

Colliding pulse pair production
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3D QED-PIC simulation

• Two counter propagating laser pulses with crossed linear polarization 
impinging on a solid target from both sides 

• Transmission of the laser pulses can be easily determined since 
transmitted field and reflected field have orthogonal polarization

I = 4.5×1023 W/cm2 
λ = 0.8 μm 
n = 150 nc 

4 µm thick Al slab 
2 µm HWHM spotsize

Using EPOCH code

P. Zhang et al, New J Phys, 17, 043051 (2015) 



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



QED ONQED OFF



Relativistic transparency is suppressed by radiation 
reaction and pair plasma production 

T=5%T=60%

QED ONQED OFF

…. near binary result



What experiments can be designed to 
validate the “QED-plasma” framework?

… precision tests, not “first observations” 

… with realistic near term laser parameters!



Contents

• Strong Field Physics 

• Nonlinear Compton Scattering

• Multiphoton Breit-Wheeler Pair production 

• Experiment on BELLAi



“All-optical” Nonlinear 
Compton Scattering

allowed changes to the radiation spectrum to be observ-
able. Figure 6 shows the spectral intensity of radiation
emitted under conditions identical to those of Fig. 3 except
that here the electron beam has zero momentum spread, as
in Table II B. The distribution has fine features that are
smoothed out when the electron beam has a momentum
spread, as would be expected. To see more clearly the
effect of momentum spread on the radiation distribution,
Figs. 7 and 8 show two-dimensional slices through the
radiation intensity distribution, in the planes parallel and
perpendicular to the laser polarization. In addition, the
spectral intensity has been converted into a photon distri-
bution per electron, !0d

2N=d!d!, which is more likely
to be the form of data obtained in an experiment (i.e., a
histogram of photon hits on an array of single-photon
counting detectors).

Figure 7 shows the photon distribution from a
zero-momentum-spread electron-beam interaction. In

(a) and (c), radiation-reaction force is not included, and in
(b) and (d), radiation-reaction force is included. (a) and
(b) show the photon distribution in the plane perpendicular
to the laser polarization. (c) and (d) show the photon distri-
bution in the plane parallel to the laser polarization. The
angular distribution of photons shows pronounced differ-
ences with and without radiation-reaction forces, and the
energy distribution is also dramatically changed, in particu-
lar resulting in a large number of low-energy photons in the
damped case compared to no damping. Another feature is
slow oscillations in the spectral intensity with frequency and
energy. These oscillations may be due to the short truncated
electron bunch and laser pulse in the time domain, which
result in long wavelength oscillations in the frequency
domain.
When the electron bunch is given the momentum spread

of Table II A, the distinction between the cases with and
without radiation-reaction force becomes significantly
less. Figure 8 shows the photon distribution from this
interaction. There is little difference in the spectral inten-
sity distribution with and without radiation-reaction-force
effects, except that the overall magnitude is reduced, and
the peak energy is reduced. Differences in the angular
distribution are small, however, and are likely to be
much-smaller-than-expected shot-to-shot fluctuations in
electron-beam emittance. Coupling this observation to
the intrinsic difficulty of measuring high-energy photons
in a collimated beam, it appears to be unfeasible that
radiation-reaction effects will be discernible in experimen-
tal measurements in this configuration in the near term.

C. On the observation of radiation-reaction effects in
the electron phase-space distribution

In contrast to the photon measurements, it should be
very easy to observe radiation-reaction effects in the
electrons as measured using a standard scintillating-
screen configuration. It is typical in laser-wakefield-
accelerator experiments to measure either the
electron-beam profile using a scintillating screen, or

(a) (b)

FIG. 6. The angularly resolved spectral intensity (d2I=d!d!)
due to a zero-emittance (Table II B) 500-electron bunch with
! ¼ 400 scattering from a laser pulse with a0 ¼ 50. The
radiation-reaction force is not included in (a) and is included
in (b). The contours are taken at identical spectral intensity levels
for both cases, normalized to the peak, which is 2:6872"
10#26 Js#1 at 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8.

(a) (b) (c) (d)

FIG. 7. The photon distribution (normalized to the laser frequency !0d
2N=d!d!) per electron due to a 500-electron bunch with

! ¼ 400 and zero momentum spread (Table II B) scattering from a laser pulse with a0 ¼ 50. In (a) and (c), radiation-reaction
force is not included; in (b) and (d), radiation-reaction force is included. (a) and (b) show the photon distribution in the plane
perpendicular to the laser polarization; (c) and (d) show the photon distribution in the plane parallel to the laser polarization.

THOMAS et al. PHYS. REV. X 2, 041004 (2012)

041004-8

A.G.R. Thomas et al, Phys. Rev. X (2012)
invariant; hence, the electron energy in this geometry may
be crucial to determining whether the field is quantum
electrodynamically strong or not.

In this paper, radiation-damping effects on the full an-
gular and energy distribution of photons produced in
the counterpropagating geometry interaction between a
tightly focused ultrashort pulse with intensity of order
1022 W cm!2 and an electron beam are studied by solving
modified classical equations of motion numerically and
generating spectra with a numerical radiation spectrometer
[30]. The layout of the manuscript is as follows: First, we
parametrize the interplay between the field strength a0 and
electron energy !mec

2 in the colliding pulse geometry, and
identify the regime relevant to near-term experiments
where radiation damping is strong but quantum electro-
dynamic effects are relatively small. Next, we introduce
the numerical model for calculating both the electron
dynamics and the radiation spectra. We then proceed to
calculate the !-ray spectrum with realistic conditions and
then examine the effect of radiation reaction on the photon
and electron phase-spaces. Finally, we show that semiclas-
sical corrections to the radiation-reaction force may be
observable in experiments.

II. PARAMETRIZING STRONG
FIELD INTERACTIONS

A. Radiation-reaction-force effects

Although radiation force is properly described by quan-
tum electrodynamics, there exists a classical form for a
radiation force that is self-consistent within the limit that
the acceleration time scale is much larger than "0 ¼
2e2=3mc3 ¼ 6:4# 10!24 s [31,32]. In the beam-laser ge-
ometry described here, this condition corresponds to
!2a0!0"0 $ 1. The effect of this force is principally a
damping of motion due to loss of the momentum to the
radiation. The Lorentz-Abraham-Dirac equation is a third-
order differential equation of motion for a charged particle
in the presence of accelerating forces; it includes the change
of momentum due to the radiation generated by the charge.
The force on an electron is given in covariant form by

d

d"
v# ¼ ! e

me
ðF#$v$ þ "0D

#Þ; (1)

whereD# is the radiation-reaction (damping) force,F#$ ¼
@#A$ ! @$A# is the electromagnetic field tensor, and

v$ ¼ dx$=d" ¼ f!c;!!vg is the particle four-velocity.
For an 800 nm laser interacting with a 200 MeV beam,
the validity condition above is reasonably fulfilled only for
a0 & 50 (i.e., where the acceleration time is of the order
10"0). It is worth emphasizing that using this model outside
of this limit may not be accurate.
The radiation-reaction force, according to the Lorentz-

Abraham-Dirac model, is a source of much controversy
precisely because it is a third-order differential equation,
which allows, for example, for self-accelerating solutions
that do not conserve energy. Various authors have reformu-
lated the equation to eliminate the third-order term. (See
Sokolov [33], Hammond [34], and references within.)
These are generally identical to first order in "0 (and
are therefore basically all equivalent to the Landau-
Lifshitz form of the radiation-reaction force [35]), but are
otherwise not identical. The modified force can be written
in the form [32]

d

d"
v# ¼ ! e

me

!
F#$v$ ! "0P

#% d

d"
ðF$

%v$Þ
"
; (2)

where P#% ¼ &#% þ v#v%=c2 and &#$ is the Minkowski
metric tensor with trace!2. In Ref. [36], several examples
show that the solutions of the Lorentz-Abraham-Dirac
model and Eq. (2) are identical in the classical regime.
One of the interesting phenomena arising from this

laser-electron interaction is that the radiation damping is
theoretically predicted to be so extreme that, for a suffi-
ciently intense laser, the electron beam may lose almost all
its energy in the interaction time. In particular, Koga et al.
have studied the effect of radiation damping on the radia-
tion spectrum [20]. Di Piazza et al. also studied the effect
of radiation damping on the angular distribution of radia-
tion [37]. The effects of real-world conditions on the
radiation spectrum emitted have also been studied previ-
ously, for example, the effects of higher-order field correc-
tions for tightly focused pulses [38,39].
Radiation damping can be parametrized by considering

the energy loss of the electron due to the most significant
damping term [20,29]. Here we proceed from Eq. (2),
where, ignoring terms of "20 and higher and the Schott
term, the damping contribution can be written in the
form [32]

d

d"
v# ¼ ! e

me
F$
%v$

!
&%# ! "0

e

mec
2 v'v

#F%'

"
: (3)

The electromagnetic four-force can be written in the
form

F%$v$ ¼ !dA%

d"
þ v$@

%A$: (4)

For the case of a linearly polarized plane wave, A# ¼
<½fA0g#ei(%x

%
fð('x

'=!0tLÞ), where (% is the four-wave

vector (% ¼ !0f1;!k̂=cg, fð(%x
%=!0tLÞ is a function

describing the temporal envelope, and tL is the pulse

LWFA driver pulse30 fs, 1021 Wcm-2

Focusing 
paraboloid Supersonic gas jet

Relativistic e-, Focusing 
paraboloid 

FIG. 1. Schematic drawing of counterpropagating laser-
beam-interaction geometry using laser-wakefield-accelerated
electrons.

THOMAS et al. PHYS. REV. X 2, 041004 (2012)

041004-2



Nonlinear Compton 
Scattering

• a0 plays role of wiggler 
parameter for “optical 
wiggler” 

• As a0 increases, spectrum 
tends to synchrotron-like 
spectrum (Esarey PRE 
1993) 

• Recent work in quantum 
regime for short laser 
pulses

Heinzl et al (2009): a0 ~1, χ ~ 1 
Mackenroth et al (2011): a0 >>1, χ ~ 1 
Seipt et al (2011): pulse shape

NONLINEAR COMPTON SCATTERING IN ULTRASHORT . . . PHYSICAL REVIEW A 83, 032106 (2011)

FIG. 10. (Color online) Energy emission spectra for ξ = 5 and
(a) γ = 2500 (ϱ ≈ 2.5 × 10−2) and (b) γ = 2 × 105 (ϱ ≈ 0.8). The
crosses in (a) have been obtained by a classical calculation.

equation in a plane wave, it can be seen that at a given
γ , the difference (t1 − t2) − n · [r(t1) − r(t2)] increases at
increasing ξ . Consequently, the first frequency of destructive
interference will be smaller. This assertion is fully consistent
with the quantum multiphoton picture. In order to confirm
it, we show in Fig. 10 the energy emission spectra again at
γ = 2500, as in Fig. 8, but with a nonlinearity parameter of
ξ = 5 [Fig. 10(a)]. In Fig. 10(a), ϱ = 2.5 × 10−2 ≪ 1 and
the spectrum is classical (the crosses again give the results
of a classical calculation). Comparison with Fig. 8 clearly
shows the appearance of many peaks. Computing for the
parameters of Fig. 10(a), the frequencies of the first maximum
and minimum according to Eq. (53) (multiphoton picture) and
Eq. (59) (interference picture), respectively, we find that

ω′
maximum ≈ 1.4 × 106 eV,

(62)
ω′

minimum ≈ 2.2 × 106 eV.

This is in good agreement with the numerical result. On the
other hand, in Fig. 10(b), it is ϱ ≈ 0.8, and quantum effects
dominate the spectrum’s structure. This is manifest from the
fact that the distance between two next peaks decreases as the
emission frequency tends to ω′

max.
We finally observe that deviations from Eq. (59) may also

arise for not very large γ and ξ . In this case the electron is
not ultrarelativistic, and its emission cone will be relatively
wide. The wider the emission cone is, however, the poorer
is the assumption that the emission detectable at a certain ϑ0
originates from only two distinct space points, which was an
essential assumption to arrive at Eq. (59).

B. High-intensity regime

In order to calculate the spectra in the high-intensity regime
(ξ ≫ 1), we substitute the asymptotic expansions (37) into the
general formula (28). Since the spectra would show numerous
maxima and minima, it is clearer to plot only the envelope
of the spectra. Furthermore, we show that in fact, in this
regime, the parameter χ is fit to quantify the onset of quantum
parameters. Finally, apart from the last two examples (Figs. 14
and 15), we will employ the sine-shaped pulse in Eq. (12).

We begin by presenting the energy emission spectrum
for the parameters γ = ξ = 100. According to Eq. (3), this
corresponds to a quantum nonlinearity parameter of χ ≈ 0.04.
From Eq. (34), we find that with this choice, the minimal angle
where radiation is expected is ϑmin ≈ 127◦, and in Fig. 11, we
plot this as the smallest scattering angle.

At ϑmin, the energy spectrum covers only substantially
smaller emission frequencies than at larger angles. The
maximal polar observation angle the emission spectrum is
plotted for is ϑ ≈ 167◦. The reason for this is that, as discussed
[Eq. (29)], for larger ϑ, the approximation α ∼ β ∼ ζ does not
hold any more. At ϑ ≈ 164◦, for example, we find |β/ζ | ≈ 9,
and for growing angles, this ratio quickly exceeds 10.

Since for the above parameter choice the quantum nonlin-
earity parameter χ is rather small, a classical calculation gives
emission spectra comparable to those in Fig. 11. If, according
to Eq. (25), we calculate the maximum frequency that may be
emitted from an electron under the given process parameters,
we find that

ω′
max(γ = 100) =

{
63.8 MeV for ϑ = 127◦,

52.2 MeV for ϑ = 167◦,
(63)

and the maximum frequencies at all other angles in the
range ϑ ∈ [ϑmin,ϑmax] lie between these two frequencies.
The frequencies actually emitted in the spectra in Fig. 11
are approximately 1 order of magnitude smaller than the
maximally allowed emission frequency, implying that we are
in fact in the classical regime.

In order to observe backscattering, that is, ϑmin ! 90◦, we
have to consider ξ " 2γ . We thus consider a lower value of
γ and plot the emission spectra in the case of ξ = 100 and
γ = 50 such that we expect emission into a large polar angle

0 2 106 4 106 6 106 8 106 1 107

40

30

20

10

0
0 2×106 4×106 6×106 8×106 107

dE
dω dΩ

ω (eV)

FIG. 11. (Color online) Envelopes of the energy emission spectra
for γ = ξ = 100 for the emission angles ϑ = 127◦ (solid red line),
ϑ = 147◦ (dashed blue line), and ϑ = 167◦ (dotted green line).
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(Nonlinear) Inverse Compton Experiments

Ta Phuoc Nature Pho. (2012)
Chen PRL (2013)

Powers Nature Pho (2014)
G. Sarri PRL (2014)

Khrennikov et al PRL (2015)

All optical inverse 
Compton source

Tunable monochromatic photon source…
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the electrons effectively interact with this higher intensity
region. Numerical calculations (discussed in the following)
indicate the contribution of this interaction to the γ-ray
spectrum to be negligible, and we will thus neglect it
hereafter. The F=15 hole in the parabola was necessary in
order to allow for clean transmission of the scattered
electrons and the generated γ-ray beam and to avoid
backreflection of the two laser beams into the amplification
chain.
Downstream of the F=2 OAP, a pair of permanent

magnets (B ¼ 1 T, length of 15 cm) deflected the electrons
away from the generated γ-ray beam to a LANEX [28]
scintillator. This arrangement allowed resolving electron
energies from 120 MeV to 2 GeV. The LANEX scintillator
was cross-calibrated using absolutely calibrated imaging
plates [29]. An estimate of the quantum nonlinearity
parameter χ0 ¼ 5.9 × 10−2Ee− ½GeV#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IL½1020 W=cm2#

p

[12] shows that in our experiment (Ee− ∼ 550 MeV and
IL ∼ 8 × 1018 W=cm2) quantum effects are negligible
(χ0 ≃ 0.01). Moreover, by estimating the average energy
Ee− emitted by an electron with an energy of 550 MeV from
the Larmor formula [30], we obtain Ee− ∼ 11 MeV such
that radiation-reaction effects are also negligibly small. The
electron spectrum after the interaction is substantially
unchanged (recoil-less interaction) and it can thus be used
as a valid approximation for the initial electron spectrum.
Spatial overlap between the two laser pulses was

achieved with 5 μm precision using an alignment wire
whereas temporal synchronization was obtained using a
spectral interferometry technique [31].
The γ rays were then spectrally resolved 2 meters

downstream of the interaction. A 2 cm thick block of Li
(transverse size of 5 mm) was inserted into the γ-ray beam
path to allow for the generation of secondary electrons via
Compton scattering. This angular acceptance was explicitly
chosen to be comparable to the theoretically predicted
angular spread of the γ-ray photons: θγ ≈ a0=γe− ≈ 2 mrad.
The on-axis scattered electron population retains the
spectral shape of the γ-ray beam with an energy resolution
of the order of the MeV. A 0.3 T, 5 cm long pair of magnets
spectrally dispersed the secondary electron beam onto an
absolutely calibrated imaging plate [29]. This spectrometer
was encased in a 30 cm thick box of lead to minimize noise
arising from off-axis scattered electrons and photons and
from bremsstrahlung photons emerging from the dumping
of the primary electron beam. Typical spectral resolution, as
resulting from the interplay of the magnetic spectrometer
resolution and uncertainty introduced by the deconvolution
process, was of the order of 10%–15% whereas the
uncertainty in yield was of the order of 10%. This system
allowed us for the first time to measure the absolutely
calibrated spectrum of the generated γ-ray beam, in an
energy window between 6 and 20 MeV and an energy
resolution of the order of 1 MeV (see Ref. [32] for a
detailed description of this spectrometer).

In this Letter, we discuss the experimental results
obtained in two different runs with the same measured
intensity profile of the laser intensity at best focus
[Fig. 2(c)]. In the first run, we generated a reproducible
electron beam with a typical spectrum depicted in Fig. 2(a).
This run produced the γ-ray spectra shown in Figs. 3(a) and
3(b). In conditions of best overlap and synchronization
between the electron beam and the laser pulse, this run
produced a γ-ray beam with a monotonically decreasing
spectrum, with a typical number of photons per MeV
exceeding 106, extending up to 15–18 MeV [green band in
Fig. 3(a)]. The number and peak energy of the measured
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FIG. 3 (color online). (a) Green band: γ-ray spectrum as
measured during the interaction of the laser-driven electron beam
[spectrum depicted in Fig. 2(a)] with the high-intensity focal
spot of a secondary laser beam [spatial distribution shown in
Fig. 2(c)]. The band represents the uncertainty associated with the
experiment, as mainly resulting from the spectral resolution of the
γ-ray spectrometer and the response of the detector. Solid and
dashed brown lines depict theoretical expectations for the same
electron and laser parameter as the experimental ones but with
a0 ¼ 2 and a0 ¼ 1, respectively. (b) The green line represents the
measured spectrum for optimized electron-laser overlap [same as
green band in frame (a)], whereas dashed curves depict the
measured spectra if an artificial misalignment of $20 μm is
introduced. (c) The green line represents the measured spectrum
for optimized electron-laser synchronization [for an electron
spectrum as the one in Fig. 2(b)] whereas dashed curves depict
the measured spectra if an artificial desynchronization of$100 fs
is introduced.
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Nonlinear Compton scattering 
on Gemini (2x500 TW)

• Only all optical nonlinear 
Compton data so far 

• a0 =2 (weakly nonlinear) 

• Broad energy spread



Ultra-intense 
laser pulse Energetic 

photon radiated

Ultra-relativistic 
electron beam 

Pair production

Colliding  LWFA/
laser geometry

• Can write this expression for electron in plane wave as

�e =
||Fµ⌫v⌫ ||

Ecr

�e =
v · k|A|
Ecr

= �a0
�C

�0
(1� � cos ✓)

• …Maximized for electron direction opposite to laser propagation 

•  for 800 nm laser, colliding 
�e ⇡ 0.3

E

GeV

r
I

1021 Wcm�2



6 6Office of
Science

BELLA-i  - a facility for high energy density physics and discovery 
plasma science at Berkeley Lab

BELLA-i 1 2 3

peak intensity (W/cm2) 2 x 1019 3 x 1021 3 x 1021

pulse length 30 fs 30 fs 30 fs

peak pulse energy 40 J 40 J 40 J

laser spot size 55 µm 5 µm 5 µm

peak repetition rate 1 Hz* 1 Hz* 1 Hz

contrast (ns) 10-10 10-10 >10-14

diagnostics 
(details to be determined)

• optical 
spectrometers

• ion and electron 
spectrometers

• …

• optical pump- probe
• betatron x-rays
• MeV protons
• …

• same as 2
• beamline for experiments 

with laser accelerated ions
• …

1st access (estimates) 2017-2018 2018-2019 2019-2020

1. experiments with the existing, long focal length BELLA beamline in the existing cave

20 J 20 J

1.5x1021 Wcm-2

�e ⇡ 0.3
E

GeV

r
I

1021 Wcm�2

5 GeV LWFA



Radiation Reaction with Intense 
Laser-Electron Interactions 

• As chi increases, 
(quantum) radiation 
reaction starts to 
modify emission 
spectrum

���

a source of severe energy losses from high temperature tokamak plasmas, and, thus, a precise 
quantitative understanding of such phenomena is indispensable. Also, it has been shown in astro-
physical observations that highly charged ions present in the warm-hot intergalactic medium are 
resonantly photoionized by x-rays emitted by matter disappearing behind the event horizon of 
a black hole (see Figure 3). Therefore, the analysis of astrophysical spectra recorded by space 
observatories necessitates the thorough theoretical and experimental understanding of resonant 
x-ray photoionization, and allows one to determine physical and chemical properties of the inter-
galactic medium. Theoretical results in the team around Zoltán Harman are scrutinized with 
precision experiments in ion traps (groups Blaum and Crespo/Ullrich) and in the storage rings 
of the MPIK and the GSI. The combination of experimental and theoretical efforts also provides 
new methods for the measurement of nuclear properties via atomic physics experiments, e. g. the 
determination of nuclear charge radii from atomic isotope shifts. Furthermore, processes at the 
interface between atomic and nuclear physics such as nuclear excitation by electron capture in 
highly charged ions may provide an alternative mechanism to deplete isomers and render nuclear 
batteries possible. In another direction, very accurate calculations of bound states in highly 
charged ions are the basis for the determination of natural constants with a relative accuracy of 
10-14. In such calculations, the strong electromagnetic fields within the systems under considera-
tion are playing a crucial role.

From Classical to Quantum Radiation Reaction
It seems that the fundamental question “what is the equation of motion of a charged particle 
in a given external electromagnetic field?” has not yet received a definite, experimentally 
verified answer. When a charged particle (an electron, for definiteness) moves in an electromag-
netic field, it is accelerated and it emits electromagnetic radiation. One of the oldest and still 
unsolved problems in CED is the so-called radiation reaction problem, i. e. the determination of 
the equation of motion of an electron by including self-consistently the effects of the emitted 
radiation on the electron motion (radiation reaction). The team around Antonino Di Piazza has 
shown that intense laser fields can help in giving a definite answer to this question, providing 
sufficiently strong fields to test experimentally the underlying equations taking into account 
radiation reaction. On a more fundamental side, the question arises: “what is the quantum origin 

Figure 3: Resonant two-step photoionization of 
a highly charged ion by an x-ray photon. The 
photon excites the electronic state, which subse-
quently autoionizes.

Figure 4: An electron (black straight lines) enters 
a laser field (in red) and emits many photons inco-
herently (black wavy lines). The recoil felt by the 
electron at each emission corresponds to classical 
radiation.



Beyond 
E-144

I / Wcm-2 E / GeV a0 χ

SLAC E144 1018 46.6 0.8 0.4

BELLAi  
(2x500 TW) 1.5x1021 5 30 2

BELLA
+BELLA10  

(10 PW laser)
3x1022 10 120 15

SLAC E144 collaboration 

C. Bula et al., Phys. Rev. Lett. 76, 3116 (1996); D. L. Burke et al., Phys. Rev. 
Lett. 79, 1626 (1997); C. Bamber et al., Phys. Rev. D 60, 092004 (1999).



MultiPW lasers can probe 
QED/RR parameter regimes

SLAC E-144

χ = 1

ψ = 1

BELLAi (split)
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• Strong Field Physics 

• Nonlinear Compton Scattering 

• Multiphoton Breit-Wheeler Pair production

• Experiment on BELLAi



MultiPW lasers can probe 
QED/RR parameter regimes

BELLAi 
2x500 TW

kµ

p'µ

pµ

Figure 2: First order diagrams: an electron radiating a photon – synchrotron radiation (left)&
a photon producing an electron positron pair – muliphoton Breit-Wheeler pair production
(right).

muliphoton Breit-Wheeler pair production2. The double lines in figure 2 are
the basis dressed-states. These are energy eigenstates whose momenta evolve
according to the classical Lorentz force law with the local values of the classical
fields.

The weak field approximaiton allows us to calculate the rates of the proceses
in figure 2 in any convenient classical field configuration with f, g = 0. The rates
for constant crossed fields have revieved extensive treatment in the literature
[? ? ] and as such we will use these. The rate of production of synchrotron
photons by an electron with energy �mec

2 depends on the Lorentz invariant
parameter ⌘ and is given by

dN�

dt
=

p
3↵fc

�c

⌘

�
h(⌘) = ��(⌘) (1)

h(⌘) =

Z ⌘/2

0

d�
F (⌘,�)

�
(2)

Here �c is the Compton wavelength, the use of the symbol �� to represent the
rate will simplify the equations derived in section ??. F (⌘, chi) is the quantum-
corrected synchrotron spectrum (⌘3 is that for the emitting electron, � is that for
the emitted photon) and can be obtained from the classical synchrtron spectrum
by including electron-recoil during the emission [? ]. The rate is spin-averaged.
The instantaneous power radiated is P = (4⇡mec

2/3⌧c)↵f⌘
2g(⌘) = Pclassg(⌘).

Pclass is the classical synchrotron power and so g(⌘) is the quantum correction
to the radiated power. g(⌘) = (3

p
3/2⇡⌘2)

R
d�F (⌘,�)is plotted in figure 3(a).

2Two other first order processes exist: pair annihilation and photon absorption. The
cross secitons for these processes are small as the particles involved are highly relativistic.
In addition a second order process – Trident pair production – can play a role, but for high
intensity laser-plasma interaciotns is usually unimportant.

3Look-up tables for F (⌘, chi), as well as the other important functions controllign the QED
emission processes – g(⌘), h(⌘), T±(�) – are provided in the online supplementary material
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χ = 1



laser I ~ 1021 W/
cm2, 30 fs, 1 um 

electron initial energy  
~ 3 GeV

~ 2x106 pairs obtained per 
1010 interacting electrons

 photon
 positron
electron

Marija Vranic and Thomas Grismayer @ 
GoLP, IST, Lisbon, Portugal

� ' 1

Electron-positron pair production

Blackburn et al. Phys. Rev. Lett. (2014)

• Evidence of “straggling” - probabilistic 
nature of quantum interaction can affect 
pair production rates (since electrons can 
reach maximum field strength)



• Calculate rate of e+e- generation for given 
spectrum (2nd half of pulse)

Estimate for BELLAi
• Calculate photon spectrum for mono energetic 

electron spectrum (assume emission over 1/2tp)

Plasma Phys. Control. Fusion 51 (2009) 085008 J G Kirk et al

at ϵ = 2 for pair creation, in the case of the photon. These probabilities were calculated in
the 1950s; they are conveniently reviewed by Erber [19] whose results we summarize in the
following. Their application to arbitrary fields, as outlined above, and their generalization to
particles of arbitrary spin is discussed by Baier and Katkov [16].

2.2. Synchrotron radiation

The rate of production of photons by an electron of energy γmc2 moving normal to a magnetic
field of strength B = bBcrit is defined as

d2N

dχ dt
=

√
3
mc2

h
αfb

F(η, χ)

χ
, (7)

where χ , defined in (6), describes the energy of the emitted photon. In this field configuration,
η = γ b, and we can multiply this equation by γ to display the Lorentz invariance of each side:

γ
d2N

dχ dt
=

√
3
mc2

h
αfη

F(η, χ)

χ
. (8)

For γ ≫ 1 and b ≪ 1, (i.e. under the weak-field conditions (4) and (5)) the function F(η, χ)

is given in equation (2.5a) of [19], and is reproduced in our notation in appendix A. In the
classical limit, it becomes a function of η and χ in the combination χ/η2:

F(η, χ) → fsynch
[
4χ/

(
3η2)] as h̄ → 0, (9)

where fsynch is the familiar expression for the synchrotron emissivity (summed over
polarizations) in the Airy integral approximation [20]:

fsynch(y) = y

∫ ∞

y

dt K5/3(t). (10)

The monochromatic approximation used in [4] is equivalent to the replacement

F(η, χ) → fmono
[
4χ/

(
3η2)] (11)

with

fmono(y) = 8π

9
√

3
δ (y − y0) (12)

together with the choice y0 = 0.29 (which is where the function fsynch(y) has its maximum).
The coefficients in front of the δ-function in (12) ensure that the power radiated by an electron
is the same in the classical and the monochromatic approximations.

In our problem, the most important difference between the quantum and classical
emissivities is that the quantum emissivity is severely depleted for hard photons, when
χ ∼ η ∼ 1, and vanishes for photon energies larger than that of the incoming electron:

F(η, χ) = 0 for χ ! η/2. (13)

This has an important influence on pair production, since these photons subsequently have the
highest probability of conversion. The effect is illustrated in figure 1. It is associated with a
reduction in the (Lorentz invariant) total power P radiated by the electron (integrated over all
emitted photons):

P = 2
3

αfη
2 mc2 mc2

h̄
g(η) (14)

with

g(η) = 3
√

3
2πη2

∫ ∞

0
dχ F(η, χ). (15)

5

Kirk PPCF 2011Plasma Phys. Control. Fusion 51 (2009) 085008 J G Kirk et al

space and time, we write the instantaneous absorption probability in terms of the differential
optical depth dτ traversed by the photon in an interval of time dt in the laboratory frame:

dτ

dt
= αf

mc2

h̄

mc2

hν
χT±(χ). (19)

The function T±(χ) is given approximately by

T±(χ) ≈ 0.16
K2

1/3

(
2

3χ

)

χ
. (20)

For small χ it is proportional to exp[2/(−3χ)] and so is exponentially small, despite that fact
that, in the weak-field approximation, the photon is always well above the kinematic threshold.
The function peaks at χ ≈ 8 and falls off to higher χ as χ−1/3.

3. Trajectories

3.1. Laser fields

Bell and Kirk [4] considered a particle trajectory in counter-propagating monochromatic waves,
with circular polarization, such that the field vectors rotate together at each point in space. This
special case is considered in detail in section 4.1. However, such an approach is limited in
three respects.
(i) Real laser pulses are of finite duration, the electrons they accelerate begin and end their

trajectories outside of the pulse trains.
(ii) Circular polarization is a special case, that may not be the most favourable for pair

production.
(iii) Monochromatic waves are an idealization. In particular, if one of the counter-propagating

waves is produced by reflection from a solid surface, it will contain many high-order
harmonics [17].
We lift these limitations by considering a range of laser waveforms as follows.

(i) To model pulses of finite duration, we multiply the monochromatic wave by an envelope
function f (φ) that contains two parameters: the duration or length L of the pulses (in
phase units) and the thickness & (also in phase units) of the pulse edges:

f±(φ) = 1
4

[
1 ∓ tanh

(
φ

&

)] [
1 ± tanh

(
φ ± L

&

)]
. (21)

Here φ = φ± = z ∓ t is the phase of the wave, and the upper (lower) sign refers to the
rightward (leftward) propagating pulse.

(ii) In order to avoid the stable E = 0 nodes of the circularly polarized waves, we consider
counter-propagating, linearly polarized waves with aligned polarization and with crossed
polarization. In aligned polarization the electric fields of the counter-propagating beams
are parallel, and in crossed polarization they are orthogonal.

(iii) The easiest way to produce counter-propagating waves may be to reflect a wave from a
solid target. To account for the complex harmonic structure of the reflected wave [17, 18]
we consider a leftward propagating wave with electric field:

E = x̂
2
π

√√
3

2
f (φ−)

{
nmax∑

n=0

sin
[
(2n + 1) φ−

]

2n + 1
−

2 cos
[
(2n + 1) φ−

]

π(2n + 1)2

}

. (22)

This field is illustrated in figure 2. The Fourier series represents the summation of top-
hat and saw-tooth functions. Terminating the expansion at n = nmax produces the high
frequency ripple seen in the figure.
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• (Calibrate verses Blackburn and Vranic)
• For 5 GeV electron + 1.5x1021 Wcm-2 laser 

approximately 0.01 pairs per electron
• (Actually basically like Blackburn 5 GeV electron + 

3x1023 Wcm-2 case)



Reasonable Estimate for BELLAi
• For BELLAi split into 2 x 500 TW arms, one LWFA 

• Q = 100 pC 

• E = 5 GeV 

• I = 1.5x1021 Wcm-2 

• Expected number of pairs = 107 

• Similar to number produced by 400 MeV beam 
colliding with a lead converter!

Sarri et al, PRL (2013)
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Experiment on BELLAi

5 GeV capillary 
single stage 

LWFA

Focusing 
optics

Colliding laser 
1.5x1021 Wcm-2

Gamma rays 
e- 
e+

• Compton gamma ray spectrometer 
• Scintillator arrays 
• Cherenkov detectors 
• Si-W calorimeters 

Precision measurements: 
Examine electron 

momentum distribution 
Need stability 



Anatomy of an “electron spectrum”

• In LWFA experiments these 
are typically measured in a 
similar way
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I=8x1020 Wcm-2 I=4x1020 Wcm-2

Zfocus = 500 µm

Zfocus = 1000 µm

w0 = 2 µm 
Theta beam = 5 mrad  

Single particle 
angular spectrum 
polarization plane 
I=4x1020 Wcm-2 



Radiation reaction precision 
measurements

• Selection of image plane relative to focus / 
interaction may have advantages
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Summary
• Strong field QED effects in plasma may be important for 

>10 PW class lasers 

• QED is well tested in high energy / low intensity regime - but 
not in low energy / high intensity 

• Multiphoton Compton scattering, Breit-Wheeler important tests 

• BELLAi has properties for precision measurements 

• Sufficient power 

• Repetition rate

• Good laser quality

To consider: 
Beam focusing  

Diagnostics


